In the framework of macroscopic thermodynamics of deformation, expressions are proposed for the calculation of deformation isotherms along the adsorption and desorption branches of the hysteresis loop within the linear and elastic deformation domains. With the assumption of spatially homogeneous (in the statistical sense) medium and scale-invariant behaviour of the relaxation rate, the generalized equation is proposed for the calculation of the hysteresis loop throughout the entire range of the adsorbate pressure in the bulk phase. In this equation, the irreversibility parameter is the governing one. The proposed equations are verified for the benzene adsorption-desorption isotherm on the organosubstituted synthetic fluorhectorite.
INTRODUCTION
Classic methods presently applied to describe adsorption equilibrium assume that the role played by the adsorbent surface is determined only by the contribution of the surface potential field to the total energy characteristics of the adsorption system. A good example here is the Frenkel-Halsey-Hill (FHH) equation, which is developed based on the thermodynamic perturbation theory (Steele 1967) . However, in the actual adsorption systems, the interaction between gas (vapour) and solid adsorbent is accompanied by several energy-exchange mechanisms that are neglected in the classical Gibbs equation (Flood 1967) . Adsorption can lead to the formation of double electric layer, to the change of the electronic Fermi levels in both adsorbent and adsorbate, and to the changes in various polarization energies. Adsorption also leads to the changes of the solid-body deformation energy.
In a general case, these factors are difficult to evaluate directly (using adsorption experiment). By contrast, in terms of theoretical development, this would require the solution of equations involving non-additive isochoric-isothermal potentials; this task presents large mathematical difficulties. In this regard, it should be specifically noted that the Gibbs equation is inapplicable to the description of the adsorption into porous body with a large internal surface area (Flood 1967) .
At present, the adsorption deformation processes are studied mainly in adsorption and/or calorimetric experiments. The theoretical studies of adsorption deformation reported by Dergunov et al. (2005) and Rusanov (2006) were conducted for the model cylindrical pore; in Dergunov et al. 2005 , the adsorption deformation was ascribed to the mechanical interaction of the gas phase with the pore walls. The equations used by Rusanov (2006) to calculate the adsorption deformation assume the formation of condensed phase within the pore. In this case, the mechanical effects involved in the deformation process are determined by the disjoining pressure, which is characteristic for mesopores. In both models, the analysis was made for the adsorption systems for which the relative deformation values were tens of percents only. At the same time, a large class of adsorption systems exists, for which the relative adsorption deformation amounts to hundreds of percents: among these are the systems that involve the interaction between a low-molecular adsorbate with layered adsorbents (e.g. clay minerals). In the literature, many interesting studies are published which present the qualitative analysis of such systems (Dergunov et al. 2005; Fomkin et al. 2000; Prins 1967; Pulin and Fomkin 2004; Rusanov 2006; Tvardovski et al. 1997) ; however, studies on the quantitative analysis of the adsorption deformation of layer structures are very scarce. To the authors' knowledge, some theoretical models (e.g. the Flory-Huggins formalism) were proposed only by Prins (1967) for adsorbents that possess various structures.
In this paper, the method to calculate the adsorption deformation of layer structures based on the phenomenological thermodynamics of deformation is presented.
THEORY
In this study, the adsorption deformation of layer structures is described in the framework of the phenomenological thermodynamics, with the adsorbate pressure in the bulk phase defined as the determining parameters. The governing parameters in this case are the phenomenological coefficients of the elasticity theory: the compression modulus and Lamé coefficients (Landau and Lifshitz 1970) .
According to the elasticity theory, any deformation could be presented in the first approximation as the sum of pure shear strain and the bulk compression (or stretching) deformation (Landau and Lifshitz 1970) (1) This equation relates the deformation tensor u ik with the stress tensor σ ik ; here K and μ are the bulk modulus and shear strain modulus, respectively; δ ik is the Kronecker delta. In what follows, we consider the deformation accompanied by the variation of the volume only, assuming the shape of the body to be unchanged-each element of the body volume remains similar to itself. The tensor of such deformation (bulk compression) is determined by the bulk modulus K only (Landau and Lifshitz 1970) ( 2) In what follows, the uniform bulk compression is considered, for which the stress tensor is σ ik = −pδ ik (Landau and Lifshitz 1970), where p is the bulk compression pressure.
In the small deformations range, the volume variation is determined as follows:
(
where dV 0 and dV are the arbitrary infinitesimal volume element before and after deformation, respectively. It can be seen from equation (3) that the relative variation of volume is determined by the deformation tensor trace. In the experiments on the adsorbent deformation, the variation of adsorbent volume η is usually measured as
where V 0 is the initial volume of the adsorbent. Equation (1), which is valid in the small deformation range, is just the Hooke's law (Landau and Lifshitz 1970) . However, the analysis of the majority of experimental data related to the deformation of adsorbents shows that these deformations essentially exceed the Hooke's law range, and extend to the elastic deformation range (Landau and Lifshitz 1970; Prins 1967; Tvardovski et al. 1997) .
It follows from the statistical theory of elastic deformation (Landau and Lifshitz 1970; Prins 1967 ) that the stress σ is related to the deformation η as (5) where Q is the constant coefficient that depends on the conformational properties of the adsorbent's structural elements and R is the gas law constant.
The analysis of the experimental data in the non-linear domain requires the solution of the differential equation (6) subject to initial conditions V = V 0 at p = p 0 . In equation (6) K(p) is the dependence of the volume compressibility modulus on the stress value.
In the subsequent section, equations (1)-(6) are applied to the analysis of the adsorption deformation of layer structures.
RESULTS AND DISCUSSION
The description of the adsorbent deformation process should be based on the comparative analysis of the adsorption/desorption isotherm and the deformation of adsorbent caused by the adsorption. In this paper, this analysis is demonstrated using the adsorption/desorption isotherms of benzene on the organosubstituted synthetic fluorhectorite (Tvardovski et al. 1997) as an example. Isotherms showing amount of benzene adsorbed and deformation are presented in Figures 1  (a and b) , respectively.
To analyze these isotherms, the FHH isotherm equation (Gregg and Sing 1982) is applied
In this equation, the variable Z stands either for the adsorbed amount a, or the deformation η; the subscript m refers to the Z value, which corresponds to the monolayer coverage; b and β are the FHH equation parameters; x = p/p s is the adsorbate relative pressure in the bulk phase.
In Figure 2 , the adsorption isotherms are plotted in the coordinates that linearize the isotherms shown in Figures 1 (a and b) in the FHH equation coordinates. From the analysis of the isotherms shown in Figure 2 , the characteristic points on the isotherms could be indicated.
In particular, it could be determined from Figure 2 (a) that the point of the monolayer formation corresponds to the values x m = 0.17; a m = 0.9 mmol/g for the adsorption branch, and x m = 0.2; a m = 1.1 mmol/g for the desorption branch. It could be determined (Gregg and Sing 1982) that in the case considered here, the filling of the layer structures (adsorbents) in the range a m ≤ a ≤ 1.7 a m obeys the volume mechanism; this corresponds to the relative pressure range 0.15 < x ≤ 0.6, whereas at x > 0.6 the formation of film condensate occurs. However, according to the FHH theory, the stable film exists only below x = 0.7, which corresponds to a = 2.0 mmol/g; for larger x values, the filling of the porous space obeys the capillary condensation mechanism. In addition, it is seen from Figure 2 (a) that the characteristic points of the desorption process are quite close to those of the adsorption process. The FHH equation parameters are as follows: β = 0.5/b = 1.9 and β = 0.54/b = 1.43 for the adsorption and desorption branch, respectively.
The deformation process is shown in Figure 2(b) . The adsorption branch exhibits the following three linear sections: (i) the monolayer coverage, 0.075 < x < 0.15, 7.8 < η < 0.082; (ii) the volume filling, 0.2 < x < 0.7, 0.082 < η < 0.17; and (iii) 0.7 < x < 1.0, 0.17 < η < 0.28. On the desorption 688 V.V. Kutarov et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 branch, two characteristic sections could be determined: 0 < x < 0.7, 0.025 ≤ η < 0.26; and 0.7 < x < 1.0, 0.26 ≤ η < 0.30. Next, the deformation process is described in the framework of the elasticity theory formalism. It is assumed that the deformation of layer structures occurs due to the stress of the material, which is determined by the adsorbate pressure in the bulk phase; the disjoining pressure in the system considered here plays perceptible role only in a very narrow range of 0.7 < x < 0.8. It is also important that in the adsorption systems considered here the dynamic equilibrium is attained almost instantly (as compared with the pressure variation in the bulk phase), and therefore, the stress which arises in the adsorbent is equal to adsorbate pressure in the bulk phase.
In the low pressure range, the deformation obeys the Hooke's law; then equation (4) becomes (8) where η 0 is the deformation corresponding to certain reference pressure value p 0 . For the adsorption branch, this value was chosen to be p 0 = 1 kPa, for which η 0 = 0.06. Then for the adsorption deformation in this pressure range, we obtain (p is expressed in Pa) η = 6.0 × 10 −2 × (1 + 2.75 × 10 −4 × p); 1 kPa < p < 2 kPa (9) For the desorption branch of the deformation hysteresis loop, the linear (or almost linear) dependence between the stress and deformation is seen to exist in a wider pressure range
The dependencies (9) and (10) are shown in Figure 3 by dashed lines. Within the elastic deformation range, the approximate solutions of equation (7) for the adsorption branch are η = 0.18 × 10 −2 × p 1/2 ; 2 kPa < p < 7 kPa(11) η = 0.23 × 10 −2 × p 1/2 ; 7 kPa < p < 9.5 kPa (12) and for the desorption branch η = 0.28 × 10 −2 × p 1/2 ; 3 kPa < p < 9.5 kPa (13) Equations (11)-(13) are illustrated in Figure 3 by dashed lines, and describe the deformation isotherms within the maximum relative deviation of ±8.7%.
At the same time, it is interesting to obtain the description of the deformation process by the single expression valid (approximately) within the entire stress range. This could be done based on equation (6), provided the dependence of the volume compressibility modulus K on the stress value is known. It was found by the analysis of the experimental data studied here that this dependence is quite well approximated by the power function
where K 0 is the volume compressibility modulus in the linear deformation region. Then the integration of equation (6) with equation (14) yields the following:
For the adsorption branch:
, η 0,a = 6.5 × 10 −2 ; α a = 0.98; K a = 8.1 × 10 3
For the desorption branch:
, η 0,d = 11.0 × 10 −2 ; α d = 0.58; K d = 1.37 × 10 4 (16)
Equations (15) and (16) are illustrated in Figure 3 by solid lines, and describe the deformation isotherms throughout the entire stress range to within the maximum relative deviation of ±8.3%. Now, equations (15) and (16), which are (formally) the Weibull functions, could be applied to describe the deformation hysteresis. It was shown earlier by Kutarov et al. (2011) that for the adsorption systems, the characteristic properties of the Weibull function imply that the product of the exponent α by the relaxation constant is constant for each branch of the hysteresis loop. For the systems subjected to the adsorption deformation, the relaxation constant is just the compressibility modulus. Then
By introducing the value ΔK, which determines the residual stress in the adsorbent after the decrease of adsorptive pressure during the desorption, we obtain
Thus, equation (17) becomes (19) Then the irreversibility parameter χ = (1 + ΔK/K a ) is introduced, which enables one to generalize equations (15) (20)
Equations (20) and (21) describe the deformation isotherms throughout the entire stress range to within ±9.3%.
CONCLUSION
The approach based on the macroscopic thermodynamics of deformation, assuming the spatial homogeneity of medium, and scale-invariant behaviour of the relaxation rate, is useful to obtain a quantitative description of the hysteresis loop exhibited by adsorption/desorption and swelling isotherms observed in the layer structures (adsorbents). Using the data for benzene adsorption on organosubstituted synthetic fluorhectorite as an example, it is shown that the deformation throughout the entire stress range can be described by the expanded exponential dependence, with the governing parameters inter-related by the irreversibility parameter. 
